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EFFECTS OF GUIDANCE AND NAVIGATION SYSTEM
ERRORS ON THE APOLLO T MISSION

By Melvin R. Rother
SUMMARY

A study was made to determine the effects of guidance and navigation
(G&N) system errors, i.e., gyrodrift, accelerometer bias, and accelerometer
scale factor errors on the powered maneuvers of the Apollo T mission.
Dispersions resulting from G&N errors of -70 to +70 standard deviations
were calculated for inertial velocity and flight-path angle, altitude
above a spherical earth, geocentric latitude, longitude, weight of vehicle,
apogee and perigee altitude above a spherical earth, argument of perigee,
and length of SPS burn.

The study was désigned primarily to assist the Flight Control Division
in designing trajectories for the Ground Simulation Support Computer
(Gssc), but can also be used to analyze the effects of the G&N errors
on the orbital parameters.

INTRODUCTION

This note documents the results of a study to determine the effects
of G&N system errors during the powered maneuvers on Apollo 7 (Mission C).
The study was rejuested by the Flight Control Division (ref. 1) and
supplements the preliminary dispersion analysis for Apollo 7. The powered
maneuvers that are analyzed are described in the spacecraft reference
trajectory for Mission C (refs. 2 and 3) since the operationsl trajectory
(refs. 4 and 5) was not available when the data for this study wes gen-
erated., Even though the results presented are based on the reference
trajectory, they are applicable to the powered maneuvers scheduled in
the operational trajectory since the maneuvers are similar to those in
the reference trajectory.

The study is designed to ald the Mission Simulation Section of the
Flight Control Division in simulasting cases on the GSSC, but can elso be
used to analyze the effects of Gg&N errors on the vaerious orbital parsmeters.
The GSSC drives various displeys during mission simulations which are
used to train both the flight control personnel and the crew. The data
in this note are presented in parsmetric plots of dispersions in the




various trajectory parameters as functlons of the G&N system errors &nd
can be used to design trajectories on the GSSC that will cause the differ-
ent displayed parameters to violate their limits. The violations will
cause flight controller action in Houston which, in turn, will cause the
crew to teke action in the simulator at the Kennedy Space Center (KSC).

ANALYSTS

Since the GSSC can only simulate gyro drift errors, accelerometer
blas errors, and accelerometer scale factor errors, these are the only
G&N system errors considered. The megnitude of the errors were taken
from the Guidance System Operations Plan (GSOP) for Mission C (ref. 6).
Error sources from O to 70 standard deviations were used to generate a
large range of dispersions and to show linearitles in the dispersed
perameters.

The Guidance Analysis High Speed (GAHS) Program (ref. 7) was used
to calculate the powered-flight dispersions due to the G&N errors. The
GAHS program is a three-degree-of-freedom, point-mass trajectory program
that contains a standard G&N error model. Each of the service propulsion
system (SPS) maneuvers scheduled in the Mission C reference trajectory,
except the two minimum impulse burns, were modeled in the following manner:
assume platform alignment 30 minutes prior to ullage ignition, execute
a 15 second ullage, and burn the SPS engine until the nominal external
AV targets have been achieved. A coast phase to LOO 000 ft was added to
the deorbit maneuver.

The platform alignment used was a preferred alignment that set the
platform X-axis (XSM) along the desired velocity-to-be-gained vector (Vé),
the Y-axis (YSM) along the cross-product of Vé and the wvehicle radius
vector, and the Z-axis (ZSM) along the cross-product of XSM and YSM'
Hence, the ZSM - XSM plane is the pitch plene for the maneuver and the
XSM - YSM plane 1s in the yaw plane for the maneuver. Since XSM is
aligned along Vé, all of the accelerstion sensed during a nominal maneuver
is in X

in the

Hence, gyro drift errors about the XSM and scale factor errors

SsM*
YSM and ZSM have no effects on the powered flight maneuvers.

RESULTS

Results of the nominal maneuver simulations are presented in table I.




The trejectory paremeters are tabuleted at ullage ignition end SPS burn
cutoff for each of the maneuvers and at entry interface (400 000 ft) for
the deorbilt maneuver. These results are used as the nominal points for
figures 1 through 7. Table II presents the external AV targets that were
used to define the platform alignments for the SPS maneuvers. The infor-
mation can be used to determine whether the maneuvers are in-plane or
out-of-plene and, hence, will help in analyzing the effects of G&N errors
on the maneuvers. The teble shows that SPS burns 1, 2, and 8 are strictly
in-plane meneuvers while burns 4, 5, and 7 are out-of-plane by different
angles.

Figures 1 through 7 present parsmetric plots of the following tra-
Jectory paremeters es functlons of the G&N errors considered in this
analysis: 1nertisl velocity and flight-path, altitude above a spherical
earth, geocentric latitude, longltude, weight of the vehicle, apogee
and perigee altitudes above a spherical earth, true anomaly, ,
argument of perigee, and length of the SPS burn. The range of errors
considered is from -70 to +70 standard deviations.

Since the external AV maneuvers have been set up with a preferred
alignment having the-XSM along Vé, all accelerations sensed during & nominel

maneuvey are along XSM' Therefore, scale factor errors in the YSM and ZSM

have no effect on the maneuvers since their sensed accelerstions are zero,

Scale factor errors in XSM cause the actusl velocity achieved during =a

maneuver to be more or less than the nominal, but the velocity is achileved
in the nominal direction. Hence, the most significant dispersions caused

by scale factors in XSM are in the length of the SPS burn and related

parameters such as latitude, longitude, and weight at cutoff. The effects
on the trajectory paremeters of the scale factor errors in XSM are linear.

Like the YSM and ZSM

the XSM produce no effect on the maneuvers since the YSM and ZSM

accelerations are nominally zero. Gyro drift errors about the YSM

the thrust direction to be misaligned in the pitch plane for the maneuver
since the navigastion system attempts to drive the sensed accelerations
in YSM to zero. Likewlse, gyro drift errors about the ZSM cause the thrust

to be misaligned in the yaw plane,

scale factor errors, gyro drift exrrors about

cause

The biggest dispersions in the orbit parsmeters such as apogee altitude,
perigee altitude, true anomaly, and argument of perigee for in-plane
meneuvers are caused by the misalignment of the thrust in the pitch plane
and, hence, result from the gyro drift about the YSM. For out-of-plane

maneuvers, the gyro drift about YSM is no longer the dominant contributor




to the orbit parameter dispersions. Gyro drift errors about ZSM gain

significence as the out-of-plane angle increases for the maneuvers. The
effects of gyro drift errors are generally not linear, but are linear
enough to approximate results from the figures.

An accelerometer bilas error in XSM produces orbit parameter dispersions

similar to the XSM scale factor error but of & larger magnitude. The

dispersions ceused by X__ biass errors are linear. A bias error in the

SM
YSM causes the navigation system to change the thrust direction in the

yaw plane until the YSM sensed accelerstion 1s zero. The same thing

happens for & bies error in the ZSM except the thrust direction is chenged

in the pitch plane. Hence, biaeses in ZSM are the dominant contributors

to dispersions for in-plan maneuvers, while blases in YSM become signif-
icant for out-of-plane maneuvers.

CONCLUDING REMARKS

The ebove discussion indicates that this study can be used not only
to essist the Flight Control Division in designing trajectories for the
GSSC, but also in analyzing the effects of G&N errors on the different orbital
parameters. Even though the SPS maneuvers scheduled for the C mission
in the operational trajectory are different from those in the reference
trajectory, the dispersions presented in thils document are applicable
to the operational trajectory maneuvers since the scheduled maneuvers
are so similar. Furthermore, the results will be applicable to any new
SPS maneuvers that mey be scheduled that utilize the G&N system external
AV mode and are similar to those used in this analysis.
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TABLE II.- EXTERNAL AV TARGETS

External AV Components*

Maneuver

AX, ft/sec AY, ft/sec AZ, ft/sec
SPS-1 4s.25 0.00 174.65
SPS-2 -78.30 0.00 -138.69
SPS-L 111.47 290. T4 -45.79
SPS-5 -66.63 1219.48 -394,78
SPS-7 0.78 -493.59 -69.28
sps-8 -213.39 0.00 263.52

%Components are in the local vertical system which is
defined as follows:

the Z-axis is a unit vector along the radius vector
of the vehicle, but is opposite in sign;

the Y-axis is a unit vector along the vehicle velocity
vector crossed into the vehicle radius vector and so it is
perpendicular to the orbit plane; and

the X-axis is unit vector along the Y-axis crossed
into the Z-axis and so it is in the orbit plane, perpendicular
to the radius vector, and positive in the direction of motion.
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(2) Inertial flight~path angle versus scale factor and drift errors.

Figure 1,- Mission C dispersion at the end of the first SPS burn due to
accelerometer bias, accelerometer scale factor and gyrodrift etrors,
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Figure 1,- Continued,
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Figure 1.- Continued.
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(d) Inertial velocity versus bias errors.

Figure 1,- Continued.
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(e) Altitude above spherical earth versus scale factor and drift errors.

Figure 1.- Continued.
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Figure 3.- Mission C dispersions at the end of the fourth SPS burn due to
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Figure 7.- Mission C dispersions at entry interface (400 000 ft) due to accelerometer

bias and scale factor errors and gyrodrift errors during the eighth SPS burn
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